Abstract Field distortion gas switch is one of the crucial elements in a Marx generator, fast linear transformer driver and other pulsed power installations. The performance of the gas switch, which is dramatically affected by the surface roughness due to electrode erosion during the discharge process, directly influences the output parameters, stability and reliability of the pulsed power system. In this paper, an electrode surface roughness (ESR) calculation model has been established based on a great deal of experimental data under operating current. The discharge current waveform, the peak height of the burr, the radius and the depth of etch pits in the electrode erosion region were used to predict the ESR. Also, experimental results indicate that this calculation model can effectively estimate the ESR of the test gas switch.
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Introduction
Pulsed power technology is widely applied in high power laser, high power microwave, material surface modification, flash radiography, Z-pinch and other modern scientific areas. The field distortion gas switch is one of the crucial elements in a Marx generator, fast linear transformer driver and other pulsed power installations [1∼4] . Therefore, many researchers have focused on the gas switch and other related techniques.
Although the performance of the gas switch includes breakdown delay time, switch jitter, reliability, and lifetime, etc, the switch jitter and lifetime are the most important factors, which are dramatically affected by the surface roughness due to electrode erosion during the discharge process [5∼10] . They directly influence the output parameters, stability and reliability of the pulsed power system. As a result, many investigations have been conducted on the electrode erosion in field distortion gas switches [8, 11, 12] . It was shown in this research that the electrode erosion is related to charge transfer, current through the switch [13] , electrode material, charge voltage, magnetic field and electric field distribution, etc. The thermal mechanisms have been investigated by BUTKEVICH, BELKIN, etc
[14∼17] , the material removal mechanisms have been studied by WATSON, ZINGERMAN, etc [18∼20] , and the calculation models of erosion depth have been put forward by BELKIN, ZINGERMAN, Alain GLEIZES, J. HEBER-LEI, etc [7,21∼25] . However, little attention has been paid to the effects of pits on the electrode surface, ESR and switch lifetime, and the relationship involved [26] .
ESR has great influence on the self breakdown voltage and switch jitter of field distortion gas switches. Therefore, based on discharge current waveform, erosion depth, radius and burr heights of single discharge, etc [27] . This paper aims at the calculation model of ESR arising from arc erosion after high current discharge for the purpose of predicting the performance of the field distortion gas switch.
The calculation model of electrode surface roughness
Surface roughness is usually presented by the maximum profile height R z , profile arithmetic average deviation R a or some other indexes [28] . As the pits' depth and burr peak are most important factors influencing the electric field strength on the electrode surface, R z is adopted to represent the status of the electrode surface for predicting switch performances. With a high degree of ESR, the partial electric field strength on the burr of the electrode surface might be increased and causes a decrease in the self-breakdown voltage of switches, particularly when the insulation gas is SF 6 . Also, a high degree of ESR presents high discreteness of field strength on the electrode surface and causes greater triggered jitter of the gas switch. Therefore, the prediction of self-breakdown voltage and switch jitter can be achieved by estimating the ESR of the gas switch. An ESR calculation model has then been established with the following simplifications and assumptions.
a. Electrode pits are assumed to be ideal circular curves with spherical caps in the center and circular burrs around them after discharge, as shown in Fig. 1 . d. When etch pits are formed by lots of coincided discharges, the pit depths are added to, but the burr heights do not increase, appearing only in sub-areas near pits, as shown in Fig. 3 . When discharges occurred in the gas switch, the drop-points are centralized in a certain region of the electrode surface, which is defined as the electrode erosion region. In different minor regions, the probabilities of drop-points are related to the electric-field strength, E i . Therefore, the discharge probability in a minor region under electric field strength E i is defined as P Ei , which can be estimated by:
Then, the probability of discharge drop in region i can be calculated by:
When the electrode surface is smooth before discharge, discharge drop-points are distributed in different minor regions according to a certain probability distribution, which can be estimated by electric-field calculation or experimental results. After multiple discharges, the etch pits and burrs overlap each other, the electric-field strengths E i of the drop-points' minor regions are changed, and the drop-points' probabilities of minor regions are also changed. It is indicated that the drop-point probability is a classical probabilityweighted problem when the switch experiences multiple discharges. According to the rule of drop-point on electrode surface, probability P i of discharge drop in subregion i can be calculated by:
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As mentioned above, the probability P i of drop-point in a certain minor region is modified after every discharge since the first shot. When the total discharge quantity m is achieved, the probability P n of a droppoint's combination n can be calculated. For combination n, the maximum depth is regarded as the deepest depth Z vn , and the minimum depth is regard as the peak height Z pn . If the probability sum P sum of droppoints' combinations whose Z vn ≤ Z max (because pit depth is discrete, Z max is a certain value which is from small to large) is just above 50%, Z max can be used as the approximate mean value of the deepest etch pit depth Z v = Z max . Among the combinations whose Z vn = Z max , P hsum is the probability sum of combinations with the same minimum depth Z pn . The minimum depth Z min according to the maximum P hsum is considered to be the peak height of burr Z p = Z min . Then, ESR R z can be calculated by R z = Z v − Z p . The model calculation process is shown in Fig. 4 . Fig.4 Flow chart of the surface roughness calculation 3 Experimental results and analysis
Field-distortion gas switch
A typical type of field distortion gas switch widely used in pulsed-power systems is adopted to investigate the electrode erosion during the discharge process in multiple shots mode. The structure of the switch is shown in Fig. 5 .
The main electrodes and the trigger electrode are coaxially placed inside the switch chamber, while the trigger electrode is located in the center of the main electrodes. The electrode surface is spherical crown shaped with radius of 78 mm. The gap between main electrodes is 11 mm and the trigger electrode thickness is 1 mm. All the electrodes are made of brass. Electric-field non-uniformity coefficient is 1.115. In the experiment the switch is filled with SF 6 gas in the pressure range from 0.1 MPa to 0.4 MPa, the charge voltage ±U 0 and trigger voltage U 1 are applied onto the main electrodes and trigger electrode of the switch, respectively. Fig.5 Field-distortion gas switch
Main electrode, 2 Trigger electrode

Experimental result and analysis
After multiple discharge tests, the drop-points are almost located on the projection shadow of the trigger electrode on the main electrodes. In this way it can be simplified to line probability. On an ideal condition, discharge drop-points are uniformly distributed which can be expressed as P sl = 1/l, where l is perimeter of the annulus shadow on the main electrode from the trigger electrode. The switch has been fired over 7200 shots with charge voltage of 53 kV, peak current of 15.7 kA and electric quantity of 17.7 mC which is the sum of electric quantity absolute value of every discharge. The discharge current waveform is shown in Fig. 6 . Fig. 7 shows the etch pits' distribution on cathode and anode after 7200 shots with discharge current waveform shown in Fig. 6 . The overlay of multiple discharge drop-points almost gathers around the blue circle, which is the projection of the trigger electrode edge on the main electrode. A partial picture of the overlaid etch pits is shown in Fig. 8 . The bounds of the etch pits and burrs are clear. However, neither the depths of pits nor the heights of burrs are of the same value. Fig.7 Top view of the electrode after 7200 shots with peak current 15.7 kA, electric quantity 17.7 mC (color online) Fig.8 Part of erosion area after 7200 shots of discharges (color online) Etch pits in the center of the electrode are formed by self-breakdown experiments. When the test current peak value ranges from 7 kA to 40 kA. All of the etch pits are mostly crater-shaped and the breakdown electric-field strength follows a normal distribution as shown in Fig. 9 . Fig.9 Pictorial representation of the breakdown electricfield strength E as a function of triggered discharge quantity n with current amplitude 15.7 kA and electric quantity 17.7 mC (color online)
The average of etch pit depth, radius and burr height were measured and calculated through 5 to 7 single discharge experiments. Depth of etch pits, heights of burrs and surface roughness after multiple discharges are calculated by the established model, as shown in Fig. 4 .
Triggered discharge experiments have been carried out in two modes. When the peak current is 15.7 kA and the electric quantity is 17.7 mC, the switch has been triggered 7200 times. Then the switch has been triggered 4500 times with peak current of 25.2 kA and electric quantity of 33.3 mC. 5 deepest and shallowest minor erosion regions were measured by a metallicphase microscope to estimate the deepest depth of etch pits and the peak height of burr. The results are shown in Table 1 , and then the values of R z have also been calculated as shown in Table 2 . In Table 2 calculated values of R z are compared to the experimental results. However, the calculated values of the deepest depth of etch pits and the peak height of burrs after multiple discharges are both higher than the experimental values. The differences between the calculational and the experimental results are mainly attributed to two factors. Firstly, the material removal from the electrode surface becomes more difficult in deeper etch pits and will spill into the vicinal pits when adjacent pits overlap with each other. As a result, the etch pits' depths and the burrs' heights are lower than the calculated ones. Secondly, two etch pits barely overlap completely, which means the deepest part of the pits cannot overlap completely. The calculation model cannot take this into consideration. Therefore, the calculation results are higher than the experimental data.
It is shown in Table 2 that the burr height is smaller and the uncertainty is higher, while the pit depth is larger and the uncertainty is lower. Furthermore, the uncertainty will be increased with the augmentation of average depths or the decrease of total number of discharges. ESR (R z ) is close to the measurement result. As the burr height is much smaller than the pit depth, the uncertainty of R z is mainly decided by the pit depth. The results indicates that this model can be used to predict ESR (R z ) after multiple discharges.
Conclusion
An electrode surface roughness calculation model has been proposed in this paper. The etch pit depth, radius and burr height for the calculation model are obtained by single discharge experiments for a typical type field distortion gas switch. Multiple triggered experiments of 7200 shots and 4500 shots have been carried out with peak current of 15.7 kA and 25.2 kA and electric quantity of 17.7 mC and 33.3 mC, respectively. The comparison between experimental data and calculation results indicates that the proposed model is relatively accurate for estimating the electrode surface roughness of field distortion gas switches. 
